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In this work, we propose and design a GaN-based diode with a p-doped GaN (p-GaN) multi-well 
structure for high efficiency betavoltaic (BV) cells. The short-circuit current density (Jsc) and open- 
circuit voltage (Voc) of the devices were investigated with variations of parameters such as the doping 
concentration, height, width of the p-GaN well region, well-to-well gap, and number of well regions. The 
Jsc of the device was significantly improved by a wider depletion area, which was obtained by applying 


the multi-well structure. The optimized device achieved a higher output power density by 8.6% than that 
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of the conventional diode due to the enhancement of Jsc. The proposed device structure showed a high 


GaN potential for a high efficiency BV cell candidate. 
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1. Introduction 


Betavoltaic (BV) cells have been studied as an attractive candi- 
date for low-power micro-battery applications where a long life of 
the energy source is needed, such as implantable medical devices 
as well as military and space applications [1,2]. A wide-band gap 
semiconductor GaN has been used for development of high effi- 
ciency BV cells because GaN material has merits in terms of per- 
formance and radiation hardness compared to Si material [3,4]. 

However, GaN BV cells based on Schottky diodes and vertically 
stacked p-(i)-n diodes exhibited a poor power conversion efficiency 
because of problems including charge generation and collection ef- 
ficiency [5—11]. In order to utilize the GaN-based BV cell as a micro- 
battery, the efficiency of the BV cells should be improved by the 
design of the diode structure. Several researchers presented and 
designed novel structures of the BV cells to improve the charge 
generation and collection [12,13]. Various diode structures can be 
fabricated for GaN-based BV cells with a high power conversion ef- 
ficiency by considering the growth and implantation technologies. It 
is important to maximize the width of depletion regions and reduce 
the trap-assisted recombination in the diode for improving a power 
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conversion efficiency. Especially, the depletion regions directly 
related to the charge collection because electron-hole pairs (EHPs) 
formed in the depletion region converted to electric current [14]. 

In this work, we proposed a GaN-based diode with a p-doped 
GaN (p-GaN) multi-well structure for high efficiency BV cells. The 
multi-well structure can efficiently increase the depletion width 
because of the crossed PN junction. The device’s structure was 
designed using a three-dimensional (3-D) technology computer- 
aided design (TCAD) simulator to evaluate the short-circuit cur- 
rent density (Jsc) and an open-circuit voltage (Voc), associated with 
the power conversion efficiency. Reverse current characteristics 
under electron-beam (e-beam) irradiation were analyzed with 
variations in parameters of the p-GaN well region such as the 
doping concentration (Dp-can), height (Hp-can), and width (Wp-can) 
in single well structure. After optimizing the single well structure, 
the effects of the multi-well structure on the Jsc and Voc were 
investigated in term of a well-to-well gap and the number of well 
regions. The output power density of the optimized and conven- 
tional diode-based BV cells was compared to verify the potential for 
BV cell with a high efficiency. 


2. Device structure and simulation method 


Fig. 1 shows the 3-D schematic diagrams of the proposed diode 
with the p-GaN single- and multi-well structures. The device 


1738-5733/© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ 


licenses/by-nc-nd/4.0/). 


Please cite this article as: Y.J. Yoon, J.S. Lee, I.M. Kang et al., Design optimization of GaN diode with p-GaN multi-well structure for high-efficiency 


betavoltaic cell, Nuclear Engineering and Technology, https://doi.org/10.1016/j.net.2020.09.014 





Y.J. Yoon, J.S. Lee, LM. Kang et al. 








Nuclear Engineering and Technology xxx (xxxx) xxx 


X-Y Plane 





Y-Z Plane 


y}? 





X-Y Plane 





Fig. 1. 3-D schematic and cross-sectional schematic diagrams of the proposed diode structure. (Top) p-GaN single well and (Bottom) p-GaN multi-well structures. A total size of the 


device is 10 um x 10 um. 


consists of n-doped GaN (n-GaN) and p-GaN well regions on an 
intrinsic or undoped GaN (i-GaN) layer. The device can be fabri- 
cated using metal-organic chemical vapor deposition (MOCVD) and 
implantation processes. First, the i-GaN and n-GaN layers are 
sequentially grown on a substrate using MOCVD equipment. After 
the growth process, Mg ions are selectively implanted to form the 
p-GaN well region. The implantation technology is used to design 
GaN-based electronic and photonic devices [15,16]. The doping 
concentrations of i-GaN and n-GaN layers (Dj-can and Dp-can) are n- 
type 5 x 1016 cm~? and 5 x 10'8 cm~?, respectively. The highly 
doped n-GaN layer is designed for a low ohmic contact resistance, 
which affects conversion efficiency because the limit of electron 
movements is caused by a high contact resistance. The height of the 
n-GaN layer (Hp-can) is 80 nm. Contact resistances for the n-GaN 
and p-GaN regions are set as 1 x 1074 Q cm? assuming ohmic 
contact. The p-GaN well region, formed by using the implantation, 
is a key parameter in the proposed device because the depletion 
area between the n-GaN and p-GaN regions or i-GaN and p-GaN 
regions are changed by the parameters of p-GaN such as the doping 
concentration (Dp-can), height (Hp-can), and width (W,-can). Thus, 
the effects of these parameters on the performance were verified to 
optimize the proposed device with a total size of 10 um x 10 um. 
The total width of p-GaN regions in the multi-well structure (Wy p- 
GaN) was designed by considering the device’s size. The current 
performances employing the e-beam irradiation were obtained and 
analyzed using the 3-D TCAD simulator [17]. In the e-beam irradi- 
ation model, the rate of the EHPs generation is determined by the e- 
beam energy and the energy loss as a function of the depth. The 
energy in the used e-beam irradiation was 17 keV as an average 
energy of the Ni-63 radioisotope [18]. The Ni-63 radioisotope has 
recently been seen as a promising source of BV cells due to the 


merits including a long half-life over 100 years. The dissipated 
energy and penetration distance in the GaN material are deter- 
mined by the function derived from the Bohr-Bethe energy-loss 
relation [19]. The threshold energy required for forming the EHPs in 
the GaN material was 8.9 eV. The variation of dissipated energy as a 
function of depth affected EHPs generation rate. The absorption 
rate vs. penetration depth for 17 keV e-beam irradiation is shown in 
Fig. 2. A 17 keV e-beam is penetrated up to a depth of 1 um and 
exhibited a maximum absorption rate in a depth of 300 nm in GaN 
material. The output power density of the proposed devices was 
evaluated by comparing with that of the conventional devices. The 
heights of the i-GaN layer (Hj-can) and Hp-can in the conventional 
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Fig. 2. Absorption rate vs. penetration depth in GaN material for 17 keV e-beam 
irradiation. 
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device were 500 nm and 200 nm, respectively. The heights of these 
devices were designed considering the penetration depth of the 
17 keV e-beam, and were similar to the fabricated BV cell structure 
[8,11]. The doping concentrations of each layer in the conventional 
device are equal to the proposed device. In the simulation, the 
carrier generation-recombination and low-field mobility models 
were employed because the models affect the current character- 
istics of GaN diodes. In the models, bandgap energy, minority car- 
rier lifetime, effective mass, and permittivity for GaN material were 
defined as 3.43 eV, 107°? s, 0.23( x mo), and 8.9, respectively. In 
addition, we applied traps existing in GaN materials to reflect the 
trap-assisted recombination effects. The donor and acceptor traps 
were related by Ga- and N-vacancy (Vga and Vy) and were located 
in Ec-0.23 eV, Ec-0.6 eV and Ey-0.92 eV, respectively [20—22]. The 
density of the applied traps was 9.5 x 10'4 cm7?, 3.2 x 1014 cm7”, 
and 6.6 x 10'* cm~?, respectively. 


3. Results and discussion 


Fig. 3 shows the reverse characteristics of the proposed device 
without and with the 17 keV e-beam irradiation. The device was 
designed as a p-GaN single-well structure with a Dp-can of 
1 x 10'” cm~?, Wp-can of 6 um, and Hp-can of 350 nm. The reverse 
current in the device was increased due to the EHPs generated by the 
e-beam irradiation. The device exhibited a Jsc of —10.1 wA/cm? and a 
Voc of 2.41 V. Jsc and Voc are defined as a current density at zero 
voltage and a voltage when a current density is zero. The Jsc is 
affected by both the generation and collection of charges. The 
generated electrons and holes were moved by the electric field in the 
depletion area formed under and beside the p-GaN well region. The 
Jsc of the device can be increased by extending the depletion area. 
Because the depletion is affected by the Dp-can and dimensions of the 
p-GaN well region, we investigated the reverse current characteris- 
tics according to the change of the p-GaN well structure. 

Fig. 4 shows the variations in the reverse current density of the 
devices depending on the Dp-can when the e-beam was irradiated. 
The device was designed as a p-GaN single-well structure with a 
Wp-can Of 6 pm and a Hp-can Of 350 nm. In the case of a Dp-can of 
1 x 10!” cm~?, it exhibited the highest Jsc, although the reverse 
current density in a voltage ranging from —1 V to —6 V as the Dp-can 
increased. This result indicated that the depletion region was 
maximized in the case of a Dp-can of 1 x 10!” cm~?. We determined 
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Fig. 3. Reverse characteristics of the proposed diode without and with the e-beam 


irradiation. Dp-can, Hp-Gan, and Wp-can Of the single well structure are 1 x 10!” cm-3, 


350 nm, and 6 um, respectively. 
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Fig. 4. Effects of a Dp-can ON reverse current density under the e-beam irradiation of 
the proposed devices with the single p-GaN well region. Hp-can and Wp-can of the 
single well structure are fixed as 350 nm and 6 um, respectively. 


that the optimum Dp-gan Was 1 x 10'” cm~? because a high Jsc 
influences an improved output power density. The effects of the Hp- 
Gan and Wp-can On the reverse current density of the device were 
verified in the case of a Dp-can of 1 x 10'” cm ~>. The variation of the 
reverse current density according to the Hp-can is shown in Fig. 5(a). 
As the Hp-can increased from 140 nm to 420 nm, the reverse current 
density dramatically rose because the location of the depletion area 
under the p-GaN region matched the penetration depth range with 
a high absorption rate. In the case of a Hp-can over 420 nm, the 
reverse current density decreased due to a mismatch between the 
location of the depletion area and the depth of the absorption rate. 
As shown in Fig. 5(b), the device exhibited the highest Jsc when the 
Hp-can was 420 nm in the case of a Dp-can of 1 x 10!” cm~’. Because 
the Voc of the device was almost unaffected by Hp-can, Jsc was the 
dominant factor in determining the output power density. When 
the Dp-can changed to 5 x 10'” cm~?, the optimum point of Hp-can 
was also affected by the variation of the depletion area. In the case 
of a Dp-can of 5 x 10” cm~°, the device designed with a Hp-can of 
350 nm obtained the enhanced Jcs. This result shows that the 
relation between Dp-can and Hp-can Must be considered in term of 
structure design. 

Fig. 6 shows the variation in the reverse current density of the 
devices with a different Wp-can under the e-beam irradiation. The 
reverse current density was significantly affected by the Wp-can. A 
wider W,-can improved the reverse current density because of the 
increase in the depletion area that formed between the p-GaN and 
i-GaN regions. This result indicated that the depletion area under p- 
GaN well regions is a dominant factor in determining the charge 
generation and collection. The device with the p-GaN multi-well 
structures obtained a higher Jsc than that of the device designed 
by the single well with a W,-can of 8 um, although the total width of 
the multi-well structures was smaller (Wmp-can:6 um). The multi- 
well structure improved the charge generation and collection 
owing to the additionally extended depletion area. Thus, we 
analyzed the effects of a well-to-well gap and a number of well 
regions on the Jsc for optimizing the multi-well structure. The 
variation in the reverse current density of the device depending on 
the well-to-well gaps in the multi-well structure is shown in Fig. 7. 
When the well-to-well gap increased from 0.5 um to 1.0 um, the Jsc 
was enhanced by the extended depletion area. As the well-to-well 
gap increased over 1 um, the Jsc was reduced by the decrease in the 
charge collection efficiency, which was caused by the increased in 
the highly doped region. 
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Fig. 5. (a) Effects of Hp-can reverse current density under the e-beam irradiation of the 
proposed devices with single well region. (b) Variation in Jsc and Voc as function of Hp- 
Gan- Dp-can and Wp-can Of the single well structure are 1 x 10'’ cm~? and 6 um, 
respectively. 
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proposed devices. Dp-can and Hp-can in the single well structure are 1 x 10'” cm~? and 
420 nm, respectively. A well-to-well gap in the three well regions is 1 um. 
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posed devices with three well regions according to a well-to-well gap. Dp-can, Hp-Gan, 
and Wm p-can are 1 x 10" cm™?, 420 nm, and 6 um, respectively. 
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Fig. 8. Variation in reverse current density under the e-beam irradiation of the pro- 
posed devices according to the number of p-GaN well region. A Wm,p-can, a well-to- 
well gap, a Dp-can and a Hp-can in the multi-well structure are 6 um, 1 um, 
1 x 10” cm~?, and 420 nm, respectively. 


Fig. 8 shows the effects of the number of p-GaN well regions on 
the reverse current density of the devices under the e-beam irra- 
diation. To analyze the impact of the number of well region, we 
determined that the Wm,p-Gan and well-to well gap of all devices 
were 6 um and 1 um, respectively. In addition, the number of well 
regions increased up to 4 considering the device size of 
10 um x 10 um, the Wm,p-Gan, and the well-to well gap. Many well 
regions improved the Jsc due to the extended depletion area side of 
the p-GaN well regions. The rise in the number of well regions 
increased the junction between the p-GaN and n-GaN regions, 
resulting in an extension of the depletion area side of the p-GaN 
well regions. The depletion area under the p-GaN well region was 
unchanged, although the number of wells increases because the 
Wm,p-Gan Of all devices was the same as 6 um. As a result, the charge 
collection efficiency of the multi-well device was improved by the 
increased depletion area side of the p-GaN region. The multi-well 
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Fig. 9. Comparison of current and power density in conventional and proposed diodes 
under e-beam irradiation. The conventional diode structure was designed as the 
vertically stacked p-i-n structure with parameters (Dpcan = 1 x 10” cm™3, Di. 
can =5 x 10° cm™? Dy-can = 5 x 10'8 cm, Hp-can = 200 nm, and Hi-can = 500 nm). 


device was optimized with the parameters including a Dp-can of 
1 x 10!” cm~’, a Hp-can Of 420 nm, a Wmp-can Of 6 um, a well-to- 
well gap of 1 um, and four well regions. The reverse current den- 
sity and output power density of the optimized device were 
compared with that of the conventional device with vertically 
stacked p-i-n layers, as shown in Fig. 9. The proposed device ob- 
tained a higher output power density than that of the conventional 
device because the Jsc was improved by the extended depletion 
area. The output power density of both devices was affected by Jsc 
because of almost the same Voc. This result indicated that the 
proposed structure achieved a high power conversion efficiency. 


4. Conclusion 


The GaN-based diode with the p-GaN multi-well regions was 
proposed and designed for a high efficiency BV cell. The effects of 
geometric parameters such as the Dp-can, Hp-can, Wp-can, Well-to- 
well gap, and number of well regions on Jsc and Voc were 
analyzed to optimize the structure. The optimized device achieved 
a higher Jsc than that of the conventional device because of the 
extended depletion area. The output power density of the opti- 
mized device increased by 8.6% compared to the conventional de- 
vice. This resulted in an improved output power density. These 
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results demonstrate the proposed device has a high potential for BV 
applications. 
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